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ABSTRACT
This thesis presents some practical results of the 
typical electromagnetic field distributions surrounding a 
leaky feeder in a tunnel.
Amplitude and phase variations parallel to the feeder 
are investigated in order to provide a greater understanding 
of the mechanism of leakage. The possibility of locating a 
distant transmitter is examined and the prospects seem en­
couraging. Directional diversity is also considered as a means 
of reducing the effect of signal drop-outs.
Finally, a detailed examination of the field distribution 
within a small volume of the tunnel is given. Although this is, 
primarily, of academic interest it can be used as a guide for 
determining preferable antenna orientation for optimum performance
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CHAPTER 1
INTRODUCTION, SUMMARY AND CONCLUSIONS
1.1 INTRODUCTION
During the past decade or so the use of leaky feeders 
has become widespread in the coalmines of Great Britain. From 
an abundance of tests on various types of feeder, supported 
in different positions, and using different frequencies, the 
National Coal Board and British Rail, to name only two, have 
a thorough knowledge of this type of communication. They have 
assessed the reliability of these systems and their measurements 
show frequent positions of signal drop-outs. Further studies 
have revealed the existence of both long and short standing 
waves which were attributed to the mode conversion taking 
place within the tunnel. The method of overcoming these drop­
outs has been to transmit sufficient power in the hope that the 
drop-outs will not be so severe as to eliminate the received 
signal completely. However, they have never examined the phase 
variations within the tunnel; if standing waves were to exist 
in the phase progression then this may have some effect on the 
modulation of the carrier used for transmission.
The work presented in this thesis is of a practical 
nature and provides the first set of results and a reasonably 
comprehensive analysis of the detailed variations of field 
strength and phase as a function of position close to a leaky 
feeder within a tunnel. It is a very complex situation for a 
complete understanding at this stage but it is a piece of the 
jigsaw which gives concrete knowledge and enhances other 
researchers1 data. The indication is that standing waves 
exist in the absence of reflection points and accurate 
measurement of these could determine their true cause.
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The possibility of locating a distant transmitter 
employing phase measurement is assessed and some specific 
results are provided.
A diversity technique is also investigated which may 
improve the somewhat intermittent reception due to standing 
waves. This, though, is limited to the transmission by a 
mobile radio.
1.2 SUMMARY
A brief review of the history of leaky feeder is given 
in Chapter 2. The amplitude variation near the feeders is 
discussed together with the expected phase variation.
Some performance figures of a typical leaky feeder 
communications system are presented in Chapter 3, followed 
by a study of standing waves. Distance location is also 
considered.
In Chapter 4 is described the instrumentation arrange­
ments and the equipment used, including leaky feeders and 
tunnel.
Chapter 6 gives the results obtained from longitudinal 
runs along the tunnel. The first test examines the tunnel 
propagation with the leaky feeder redundant whilst the 
second test examines the propagation with the feeder 
energised. The data is then processed as outlined in 
Chapter 5. Results of the tests for distance location and 
directional diversity are also given followed by a discussion.
- 3 -
A detailed examination of the field structure in a 
small volume of tunnel is given in Chapter 7. The variations 
in magnetic field amplitude and phase are discussed.
The final chapter discusses the implications of the 
results as a whole with special emphasis on remote trans­
mitter location. Suggestions for further work in this field 
are given at the end.
1.3 CONCLUSIONS
The high attenuation of the waveguide mode, which is 
well above the cut-off frequency at 72 MHz , supported 
within the tunnel seems to be due to the lossy walls. This 
is justified by the bending of the phase fronts close to the 
walls which indicates power flow into them. Therefore, the 
evanescence of the tunnel mode is perhaps dictated by the 
composition and wetness of the walls despite the unobtrusive 
presence of other conductors.
The phase variation along the tunnel, parallel to the 
leaky feeder, is basically linear with distance and has the 
phase constant of the feeder. However, a large periodic 
variation from this linear phase change is observed which 
is probably due to either the mounting of the feeder or the 
small change in dielectric thickness or composition along 
the feeder. No corresponding variation is seen in the 
amplitude showing, a priori, that it is not caused by mode 
interaction.
Of particular interest is the standing wave of period
2.02 metres which appears mainly on the amplitude frequency 
spectrum and to a lesser extent on the phase frequency
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spectrum. This is possibly due to the interference of the 
tunnel mode and the coaxial feeder mode.
Perhaps the mode conversion process can be visualized 
as follows. The coaxial mode of very low attenuation, within, 
the leaky feeder, excites the single-wire mode by the non- 
continuous shielding of the braid conductor. This mode 
propagates between the outer conductor of the feeder and 
the tunnel walls with a high attenuation determined primarily 
by the conductivity of the walls. Frequent mode conversions 
must take place in order to maintain the single-wire mode 
thus resulting in its having a predominantly coaxial mode 
characteristic. The evanescent tunnel mode (waveguide mode) 
is similarly regenerated by the single-wire mode due to the 
discontinuities and losses within the walls. Therefore, the 
field inside the tunnel is characterized mainly by the 
coaxial mode of the leaky feeder since the modes supported 
by the tunnel walls attenuate very quickly.
It would seem that this mode conversion occurs in 
polarizations common to the interacting modes and this is 
demonstrated by the extremely large standing waves and 
complex phase front shapes of the transverse magnetic field 
vector component. The vertical and longitudinal components 
show smaller amplitude standing waves and more evenly 
spaced phase fronts. These fronts are almost perpendicular 
to the feeder in the centre of the tunnel.
The linear phase variation along the tunnel is excellent 
for remote transmitter location. Away from the end effects a 
positional uncertainty of approximately 1 metre (at 72 MHz) 
may be achieved if the long periodic phase variation, dis­
cussed earlier, could be eliminated.
The average received signal level, resulting from the 
use of directional diversity, is approximately 3 dB higher
- 5 -
than the level received from one end of the feeder only.
This gain rises substantially at significant drop-outs 
making the technique very useful for improving reception 
and reliability.
The work presented in this thesis is merely a beginning 
and many avenues of research remain. Some of these are 
indicated in section 8.2.
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CHAPTER 2
REVIEW OF LEAKY FEEDERS
2.1 INTRODUCTION
At present communications in some mines are still 
achieved by the use of fixed telephone apparatus. However, 
with the increasing need for personalised and reliable 
communications came the demand for a superior system which 
would be capable of man-to-man communication, both underground 
and to the surface.
The inductive loop was experimented with in- several 
coal-mine installations with limited success. This was due 
mainly to the difficulty of coupling radio-frequency energy 
back into the loop from transmitters of reasonable size and 
weight. Attention was thus focused towards the higher 
frequencies where transceivers were far more portable.
It was already known that v.h.f. mobile transceivers 
had a very limited free range when used in confined spaces 
and this was particularly true in mines. A means of propagating 
the radiation with lower loss was, therefore, necessary to make 
a viable two-way radio system.
The solution to poor tunnel transmission emerged accidentally
• 0 9 ' 0  9 9 • •m  1956 when Monk and Winbigler were interested in communicating 
with moving trains in tunnels. They established good communication 
in an unfavourable environment by using longitudinal conductors 
as a distributed aerial in a tunnel. However, like many worthy 
discoveries, the basis of the leaky feeder phenomenon remained 
largely unnoticed for several years.
Recently, increasing attention has been directed towards 
the technique of using leakage fields and there now exist 
tranmission lines especially for the purpose. A small selection 
of leaky feeder cables are depicted in Fig. 2.1 .
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The use of repeater amplifiers, to boost the signal 
in the feeder, has increased the effective range of reception 
from several hundred metres (without repeaters) to several 
kilometres - noise being the limiting factor. A typical 
leaky feeder system is shown in the diagram of Fig. 2.2 .
Perhaps Martin 1 at M.R.D.E. has contributed more than 
anyone towards the practical, and some theoretical, aspects 
of leaky feeders especially systems underground. To date 
there are several coal-mines equipped with leaky feeder 
communication systems and improved designs are already 
forthcoming.
On the surface, too, leaky feeders are becoming popular
* • • • * 8to maintain limited area radio coverage. Feasibility studies
are in progress to determine the reliability of these systems 
for data transmission and the forecast is very optimistic.
2.2 FIELD STRENGTH REVIEW
2.2.1 Theoretical
Much theoretical work on the field strength 
distributions around leaky feeders has been published 
by Wait 3 et al. He has analysed tunnels of different 
cross-section and different cable structures using 
Maxwell's equations. Beal 4 et al seem to prefer the 
use of numerical methods for the solution of similar 
problems.
On the other hand, Martin 1 and Schmidt 5 assumed 
two modes of propagation in the leaky feeder system: the 
coaxial mode and the single-wire mode, the latter being 
due to the transmission-line formed by the coaxial feeder 
braid and the tunnel walls. Coupled mode theory was then
- 8 -
employed for the development of equations defining 
current and voltage on the different lines.
2.2.2 Experimental
During practical experimentation standing-waves 
in the amplitude distribution surrounding the feeder 
were observed. 1 6 Various standing-wavelengths
existed superimposed upon a nominal attenuation 
gradient. Signal drop-outs had been recorded at not 
infrequent intervals defining a prominent standing- 
wave of several free-space wavelengths. Other shorter 
standing-waves of somewhat smaller amplitudes were 
also ubiquitous. A trace (courtesy of the National 
Coal Board) which highlights these amplitudes variations 
exceptionally well is presented in Fig. 2.3 .This 
curious behaviour of leaky feeder systems is thought 
by Martin and others to be a direct result of the 
interactions between the possible modes of propagation .
The explanation for long standing waves is borne out 
by the coupled mode theory of Martin. A more detailed 
analysis of this is given in Chapter 2.
7Haining has investigated successfully the 
possibility of using a microwave model to demonstrate 
the standing wave features on a leaky cable. By using 
a frequency of 10 GHz a length reduction of approx­
imately one-hundred times the real system was permitted, 
making it eminently suitable for laboratory experimentation. 
Figs. 2.4 to 2.7 reveal the field strength variation 
measured on the scale model. Although they are self- 
explanatory, the standing waves obtained by Haining 
bear a remarkable similarity to those recorded by other 
workers.
The fluctuation in signal amplitude along the leaky 
feeder has suggested a statistical distribution to define
- 9 -
the probability of occurrence of a given amplitude. 
Such a distribution would be useful in determining 
the theoretical loss of information due to signal 
drop-outs. After analysis on data from various 
sources Davis 9 believes the distribution to have 
a Rayleigh nature.
2.2.3 Current Interests
Whatever the statistical distribution may be, 
complete loss of signal is occasionally inevitable.
The main concern from the systems aspect at the 
present time lies in overcoming these signal drop­
outs since they are at the very least inconvenient 
and, in a data transmission system, can be disastrous.
Diversity techniques are under consideration 
as a possible solution. One method is the use of 
two antennas, alternately switched at some high 
frequency, on the mobile radio and separated by a 
quarter wavelength.
Theoretically, if one aerial is in a region of 
low field strength then the other will be in a region 
of higher field strength. Thus, there should always 
be sufficient signal at the mobile receiver for 
intelligible communication.
A second method would seem particularly useful 
during mobile to base transmissions. By receiving at 
both ends of the leaky cable, and employing a voting 
system to choose the stronger signal, the probability 
of receiving sufficient signal increases. However, 
the realization of this approach is largely dependent 
upon the signals of interest being uncorrelated.
- l O -
Other diversity methods have also been 
investigated, such as tailback diversity 10 
and load switching diversity 11 . These are
discussed in the literature.
2.3 PHASE REVIEW '
2.3.1 Introduction
Two parameters are required to fully describe 
a sinusoidal signal amplitude, which was discussed 
in the previous section, and phase.
Since the use of phase plays an important role 
in, for instance, phased arrays, phase locked systems 
and Decca Navigator, it seems justifiable to obtain 
some knowledge of it with regard to leaky feeders. 
Workers have not been very active in this unexplored 
area of research so it deserves some discussion here.
2.3.2 Distance Location
In a perfect transmission line the phase change 
of a propagating wave is proportional to distance for 
a given frequency. It seems reasonable, therefore, to 
expect a similar relationship to exist in a leaky 
feeder arrangement.
On this premise the possibility of distance 
location becomes propitious. Fig. 2.8a shows the 
fundamental idea. A practicable arrangement envisaged 
is outlined in Fig. 2.8b. Basically, the phase at one 
end of the feeder is monitored with respect to the
- 11 -
phase at the other end. This phase difference should 
thus be proportional to the longitudinal position of 
a mobile transmitter close to the feeder. At some 
distance from the.feeder the accuracy depends upon 
the direction of the phase fronts.
2.3.3 Phase Fronts
Knowledge of phase fronts, or phase contours, 
will be important in determining the direction of 
propagation from the leaky cable. This could lead 
to a better understanding of the mechanism involved 
in leakage. Fig. 2.9 shows some possible forms the 
phase fronts may take. The fact is that it is, as 
yet, entirely unknown which configuration exists 
in practice.
Perhaps the leaky feeder can be regarded as a 
guiding structure which supports a surface wave. The 
propagation of energy is normally constrained to the 
air-dielectric interface; but energy flow away from 
the structure is required to supply the losses in the 
surrounding media. For instance, energy can be absorbed 
in the tunnel walls and in a receiving aerial. Energy 
conversion from coaxial mode to surface-wave mode 
takes place in order to maintain the necessary conditions 
for propagation.
Alternatively, a modal approach may be visualized 
as follows: the coaxial mode induces a single wire mode 
on the braid of the feeder due to the non-continuous 
shielding of the outer conductor. This mode then excites 
a lossy waveguide mode supported by the tunnel walls. The 
presence of conductors within the tunnel may also lead 
to the propagation of other modes resulting in a very 
complex field structure.
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FIG. 2.8 Schematic diagram showing arrangement for distance location.
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CHAPTER 3
THEORY
3.1 TYPICAL PARAMETERS IN A LEAKY FEEDER SYSTEM
In a leaky feeder system the feeder functions as the 
major propagating medium. An antenna in its vicinity detects 
the electromagnetic leakage and communication is established.
Fig. 3.1 shows a block diagram of a system and includes 
typical performance figures which are clarified below.
The existence of coupling between antenna and cable 
gives rise to the term coupling loss; it is closely akin 
to mode conversion efficiency. However, the definition 1 
of coupling loss introduced by Martin is the path loss 
between the aerial terminal of a mobile set and the nearest 
point on the transmission line. Taken in this sense, it is 
not only a function of cable type and frequency but also of 
aerial power-gain and position and feeder arrangement. In 
practice a reliable or worst case estimate is sometimes 
quoted for a given system. A figure of 80 dB 1 is normal 
(for cable arrangement and frequency given in Chapter 6) at 
an aerial position approximately 3 metres, transversely, from 
the feeder.
Feeder attenuation is generally less than 5 dB/100 m.
Using these values together with a transmitter power of 
0.5 watts (134 dByV) and receiver sensitivity of 1 yV (0 dByV) 
the average range is approximately 1100 metres for a system 
employing base to mobile and vice-versa communications. For a 
receiver noise figure of 6 dB the resulting signal to noise 
ratio at the output is 15 dB at maximum range.
An increase in range is accomplished by the use of repeater 
amplifiers. Their gains may be chosen to compensate for the 
previous section of line loss. The penalty is a deterioration
- 21 -
in the system noise performance which is eventually the 
limiting factor. In data transmission systems a signal- 
to-noise ratio possibly as high as 60 dB , to provide 
sufficient signal in drop-out areas, is necessary for an 
acceptably low error rate. The maximum range, under this 
condition, is substantially reduced to approximately 200 
metres before amplification is required.
3.2 M0DE-C0NVERSION EQUATION
3.2.1 Derivation
The mode conversion equation relates the currents 
in the two modes of propagation in a leaky feeder system. 
Although the expression can be applied generally, the 
coaxial mode and the single-wire mode predominate and 
will thus be of particular interest in the following 
theory developed by Martin 1
Considering Fig. 3.2 where the mobile, at a distance 
x from the near end of the line, is transmitting; a 
solution is required for the current received at each 
end of the feeder of length L .
The basic conversion mechanism may be expressed by 
<5i = k.I.dy
where k relates the elemental increase, 6i , in 
current, i , in line 1 due to the current, I , in line 2, 
over an elemental length, 6y . Transmission line 1 is the 
coaxial mode (leaky feeder) and transmission line 2 is the 
single-wire mode.
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At a distance y from the transmitter the current 
I induces a current 6i in line 1. The elemental 
current thus flowing into the near end termination of 
line 1 is given by
-y-.Cx-y) ~Yi (x+y)
6i = 6i,.e + 6i0.eo 1 2
But the primary current is
1 = 1 e o
-Y2y
Therefore, the total current, iQ [x] , received 
at the near end is the sum of all elemental currents 
transferred from line 2 via the conversion expression.
xr -Y,y-Y,(x-y)
kl e dy +o J
o
,L x -Yoy-Yi (x+y)
kl e dyo Jo
kl
2 2 
y|-y*
-Yxx
2Y2e ~ (Y1+Y2)e
-Y2x
-(Yl + Y2)L Y2x
- (Y2 - Yx)e
-jB,x -j30x j$0x
A[x]e + B[xJ e + c[x]e (i
where
2y„ kl -ot-x
A[x] = — ? 2. e 1
  2 2
W (ii
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C[x]
(Y2_Y1) kIo -(y +y,)L “2X I- ------   e '1 '2 e / -7T
o  o  * .....
(iv
A similar expression for the current, i fxl , receivedL
at the far end can be obtained from the above equation by 
making the substitution (L - x) for x
J rl ^
i.e. I [x] = A[L-x]e + B[L-x)e
C[L-x]
j 32(L”x)
(v
During reciprocal operation, when the leaky feeder 
is energised at one end, the current in the single-wire 
mode is given by an equation identical to (i).
3.2.2 Relevant Identities
It can be shown, given a signal
-j$ t -jB t
v[t] = X e x ■ + Y e y
that the resulting amplitude is
|v[t]| = {X2+Y2+2XY c o s '(3X“3 )t }
(vi
(vii
and the phase is 
Arg v[t]
f p fP " 3  1x  y
t  -  T a n  ^ { R . T a n
x  y
2V. J 2\  /
t} (viii
where R = X - YX + Y
and t is a variable of distance.
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For X > Y
Arg v[t] = -$xt + 0[t]
and for X < Y (ix)
Arg v[t] = -3yt - 6[t]
(1 - |r |) Tan
3 - 3  x y
where 0[t] = Tan 1 {
1 + R Tan
B - 3x y
(x)
is a periodic variation on the phase gradient having a period
T  .=
2tt
3 - 3x y | (xi)
and a maximum deviation
0m = Tan-1 1 - R
2 / M (xii)
occurring at a distance 
= T Tan-1 (/~TrT)tm (xiii)
from a minimum amplitude.
3.2.3 Interpretation
Equation (i) describes an evanescent standing wave 
X1 .X2
of period ^Y-X~  f°r small x superimposed on an 
attenuation gradient given approximately by ai . This 
wave of large amplitude is governed by the first two 
terms of expression (i). Towards the far end of the
- 25 -
transmission line where x approaches L a second 
standing wave emerges due to the first and third terms 
of the equation. This is of small amplitude and short
wavelength given by -y~- ■ .
' Al + A 2
Due to the high attenuation of the mode propagated 
on line 2 the first term in equation (i) will soon 
predominate. The phase variation with distance will thus 
assume an average gradient of (3-^ , the phase constant 
of the coaxial cable. A periodic variation from the mean 
is caused by the second term at the near end and term 
three contributes to a small extent at the far end.
However, this mode-conversion theory cannot account 
for the apparently random amplitude variations seen in 
practice. These may be put down to the interaction of 
other modes and the influence of environment, non-uniformity 
etc. which can only be determined experimentally.
3.2.4 Graphical
Some typical figures are quoted below to show the 
relative values of the amplitudes A, B and C for a line 
250 metres in length in a mine.
Coaxial mode phase constant, = 100°/m
= 1.75 rad/m
Coaxial mode attenuation constant, = 6  dB/100 m
= 0.007 Nepers/m
Single wire mode phase constant, = 90°/m
= 1.5 rad/m
Single wire mode attenuation constant,oi2 = 40 dB/100 m
=0.05 Nepers/m 
Coaxial mode propagation constant, y^ = (0.007 + jl.75)/m 
and Single wire mode propagation constant,Y2 = (0.05 + jl.5)/m
- 2$ -
from which
a [x] = 5.3 kIQ /l.34 rad 10 °*®03x
B[x] = 5.6 kIQ /-l.79 rad io“°*02x
and C[xj = 5.4 x 10  ^kIQ /l.94 rad 10^ *
Equation (i) is expressed graphically, using these 
values, in Fig. 3.3 . As suggested previously the third 
term in this equation can, for all intents and purposes,
be ignored at the near end and the second term can
likewise be ignored at the far end of the line. In the
centre portion of the line the first term only is of
significance which appears to contradict practical 
evidence shown in Chapter 2. However, the existence of 
frequent discontinuities, even small ones, along the 
feeder may promote more near end and far end effects 
resulting in the continuous standing wave phenomenon 
usually noticed.
3.3 DISTANCE LOCATION
In Chapter 2 reference was made to the possibility of 
utilizing the phase difference between the ends of a leaky 
feeder to determine the position of a mobile transmitter. In 
order to keep the following theory tractable c[x] is assumed 
negligible for all x ; the phase variation is then given by 
substituting the appropriate values into equation (ix). If it 
is further assumed that b [x ] is insignificant away from the 
ends of the line then R[x] will tend to unity and 0[xj will 
approach zero. The phase difference is thus given by
 ^away from ends = (Vj - ^  Ixl
- 27 -
$ away from ends = (-3|X) - (-3-^ (1* - x))
= 3 ^  - 23-jX
Near the ends, however, B[xJ increases making 
the periodic variation, 9, no longer negligible. The 
phase difference towards the near end is thus
 ^ (close to near end) = (“3-^ x + 8[x]) - (-£^(L - x))
= 3 ^  - 23-^ x + 9[x]
where ©[xj is expressed as equation (x).
The maximum peak deviation in 9 occurs when R[x] 
tends to zero which implies modes having equal amplitudes.
9 then approaches tt/2 radian (eq. (xii)) and this may 
be considered the theoretical error. A similar maximum 
may also appear near the far end.
Thus, the distance, x , can be expressed in the form
0 O H  -  _ tt / 2
X 2BX - 26-,^
0OH  - \
2ir 2 -
For the example quoted previously, the location of 
a mobile transmitter close to a leaky feeder, of phase 
constant 3-^ - 1.75 radians/metre is obtained in the 
worst case by
0 - 0T
x = — -^---- 1.8 m + 0.45 m
2tr -
Examination of the amplitudes A[xJ and b [x ] shows 
that b [o] > A[o] . This leads to a small error in the
above calculation at the extreme ends of the line since
A[x] was assumed to be greater than b [x] for all x 
However, if the attenuation of the single-wire mode 
is sufficiently high A[x] will soon predominate 
and the error will be that already mentioned. The 
large phase deviation from the straight line in 
Fig. 5.1 shows this error when x is small.
In the preceding postulation no mention was 
made concerning the distance of the transmitter 
from the cable. Presumably, this extra phase shift 
will be present at both ends of the line and will 
thus cancel when the phase difference is taken. This 
must be verified experimentally.
Furthermore, as the mobile recedes from the 
feeder the signal strengths received at the ends 
diminish causing an increased drop-out rate thus 
disturbing the distance measuring instrumentation. 
Suitable precautions must be taken to minimise.this 
to obtain good reliability.
tr
an
sm
it
te
r 
70
0m
 
be
tw
ee
n 
re
pe
at
er
s 
re
ce
iv
er
 
0*
5W
 
ly
V 
se
ns
it
iv
it
y
- 29 -
I
•
f
I
A
I
M.g
a) 3  +-> oo 
3
<u pqO,
3 o
oo
3•H
I s s
O O Q 
o h ®
a
4-1
•r4
>
3 •H
cu 4J
> •H
•H CO
CU 3
(U O cu
1—1 CO CO
•H 0 tS
rQ cd >  in
Q w CL •
s 4-1 r-< O
3
O
•H
4-1
3
3 B
3 o
cu o
4J rH
4-1
3
9
m
3
Td
3
3
CW
ao•H0) 4J
m 3  
3  +J 
,£> co
e
3
•P
3U
a)
3  o
04
cu
r— I
CU
4-1
e
CU
4J
CO
!>»
CO
<UT)
cucu
*4—1
>*»
cd<u
cda
•rlCO
£
r—1 
00
- 30 -
.J3
d d44 Q)
ca cd .
<o
A
<o
<o
o
d .
o<U.a
4-1
dO
•rl
CO*4
l>
floo
a)
5
u
o
a)
d•H
r-l
d
o•H
CO
CO
•r4
6 
CO
d
dM
4-1
d•H
CM
CO
o
HFn
>4
d
a) d 
d cu
fi
g.
 
3.
3 
VO
LT
AG
E 
AND
 
PH
AS
E 
vs 
DI
ST
AN
CE
a "x 'J-'y'M o a >  h s v i i o a  a3Ai3D3d
8 8 $ a 8
co
LU
LU
OH
CD
LU
V
u
LU
CO
X
D_8
in
pq
CD
LD CD
LU
O
O
O
§
LU
in
O
(S33DA3) 3SVHd
- 32 -
CHAPTER A
EXPERIMENTAL INSTRUMENTATION
4.1 INTRODUCTION
The two types of experimental tests performed can 
be broadly classed as "linear field investigation" and 
"spatial" or "volumetric field investigation". For each 
it was necessary to employ a different instrumentation 
arrangement as described briefly below.
4.1.1 Instrumentation for the Linear Field Investigation
The tests covered in this section were concerned 
with the amplitude and phase variations parallel to 
the leaky feeder. It was decided that the portable 
transmitter should be the mobile unit and the receiving 
apparatus, which was far more bulky, should remain at 
the rear end of the line close to the petrol generator 
set.
The signal was, thus, received from the feeder by 
a communications transceiver and monitored by a vector 
voltmeter. Provision for the vector voltmeter reference 
was via a separate well-screened coaxial cable connected 
to the mobile transmitter and laid as far away as possible 
from the feeder. To further reduce undesirable pick-up 
the cable was coiled occasionally
The instrumentation system is schematically shown 
in Fig. 4.1a .
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4.1.2 Instrumentation for the Volumetric Field
Investigation
The volumetric field investigation examined, in 
detail, the field variation in three-dimensional space. 
Clearly, an electrically small and rigid aerial was 
necessary. This eliminated the mobile radio since its 
antenna was unsuitable and the radio itself was 
electrically massive. With these restrictions the 
mobile transmitter was used to power the leaky feeder 
at its near end, at zero metres.
The received signal from the aerial was relayed 
to the vector voltmeter, still at the rear end position, 
by the well screened coaxial cable. Since radio 
communication between remote parties was not possible 
with this arrangement another line was employed to 
return the measured signals, from the vector voltmeter, 
to the investigating party where amplitude and phase 
were indicated directly by a pair of moving coil meters. 
This was found to be more convenient than any arrangement 
of signalling between a party operating the antenna and 
a party reading the vector voltmeter.
Fig. 4.1b shows, diagramatically, the instrumentation 
arrangement and Fig. 4.7 shows the equipment in use.
4.2 VECTOR VOLTMETER
The Hewlett Packard model 8405A vector voltmeter is a 
direct reading, two-channel, tuned raillivoltmeter-phasemeter 
for measuring the amplitudes of and phase angle between the 
fundamental components of two radio frequency voltages. The 
frequency range is 1 to 1000 MHz and the semi-automatic
- 34 -
tuning causes channel A (reference) signal to determine the 
frequency at which measurements are made. At the frequency 
of interest the amplitude range is 300 ]iV to 1.4 V for 
channel A and 10 pV to 1.4 V for channel B . Phase 
range is 0 to 360 degrees continuously with an accuracy 
of +6 degrees.
For further details see the Operating and Service 
Manual.
4.3 ANTENNA
During the detailed field investigation, when measurements 
were recorded approximately 30 cm apart, an electrically small 
antenna was required in order to disturb the electromagnetic 
field as little a possible. There was one main difficulty in 
designing an aerial of this type and it can be summarized in 
one word, matching.
It was difficult, if not impossible,to properly match a 
small aerial, of low resistance and high reactance to a 50 £2 
coaxial cable since the inductance necessary was, relatively, very 
large. A better approach was to make a deliberate mismatch into a 
high impedance. This was the concept followed in designing an 
antenna which was eventually used in the volumetric field 
investigation.
The circuit diagram of the loop antenna is shown in Fig. 4.2 . 
The tuned loop was transformer coupled, with tuned secondary, to 
the transistor which had a 50 ft coaxial cable as its collector 
load. Further amplification, by means of a repeater amplifier, 
was provided shortly afterwards. Power to both active devices 
was supplied by d.c. on the cable conductors. Ferrite rings 
on the thin coaxial line attenuated current flow in the braid
r 35 ~
since this would otherwise act as an aerial, probably distorting 
the measurements.
Fig. 4.3 depicts the complete aerial system response. 
Substituting the system for a monopole aerial only gives a 
flat response 40 dB down from the peak active loop antenna 
response.
4.4 A.G.C. AMPLIFIER
The dynamic range of the input voltage of interest was 
10 ]iV to 100 mV and the corresponding output was required 
to be 0 V to 10 V . This suggested the use of a non-linear 
amplifier employing an automatic gain control principle in 
order to amplify and compress the amplitude of the input 
signal.
The vector voltmeter channel B output at 20 kHz 
supplied the signal since it was independent of the amplitude 
range switch. An a.c. amplifier design was therefore necessary 
which had the added advantage, particularly with the high gain 
necessary, of freedom from drift. However, the signal needed 
to be rectified at some stage for feedback and for output.
This was left until the penultimate stage where the signal 
levels were large, so that any drift would be negligible.
Initially the input signal is amplified and filtered 
(see Fig. 4.4) to reduce the noise component. Non-linear 
amplification then takes place in four similar stages each 
employing a field effect transistor to control the gain. This 
is achieved by the ability of the gate voltage, which is in 
fact a portion of the rectified output voltage, to vary the 
channel resistance; the greater the output voltage the higher 
the resistance, hence, the lower the gain. Thus, smaller input
3£> -
signals undergo greater amplification than do larger signals.
Rectification and further filtering and amplification follow 
the non-linear stages.
4.5 PHASE VOLTAGE AMPLIFIER
In order to make compatible the phase output voltage 
from the vector voltmeter with a moving coil meter a d.c. 
amplifier was required.
The unit (Fig. 4.5 shows the circuit diagram) employs 
two direct-coupled operational amplifiers; the first one 
providing gain and the second providing offset, both being 
variable. Offset and gain are adjusted to give an output of
3.00 V + 3.00 V for a phase of + 180 degrees, respectively.
4.6 POWER SUPPLIES
In order to simplify setting up the equipment, each of 
the constructed units incorporated its own regulated power 
supplies. These were in turn powered by two quality stabilized 
mains units for positive and negative voltage polarities.
For on-site tests the mains supply was derived from a 
1.25 kVA , 110/220 V petrol-electric set manufactured by 
J.F.MacFarlane.
4.7 LEAKY FEEDER DESCRIPTION
The cable employed for the linear field investigation 
was an unusual type (B.I.C.C, Type No. T3510) not previously
- 37 -
used in leaky feeder systems. It consisted of a pair of 
braided, semi-airspaced, coaxial cables within a common 
sheath. The photograph of Fig. 4.6 shows a pared end of 
a sample of the bicoaxial feeder and the table below shows 
its specifications.
SPECIFICATION OF BI-COAXIAL CABLE 
B.I.C.C. Type No. T3510
Coaxial
Parameter
Manufacturers
Specification
Measured
Impedance (£2)
Velocity Ratio
Attenuation (dB/lOOm)
Braid coverage (%)
Dielectric
Surface Transfer 
Impedance (fi/m)
75 (200 MHz) 
0.87 (200 MHz) 
5 (85 MHz)
Semi-airspaced 
0.7
0.85 (72 MHz)
70
Bifilar 
Parameter
Impedance (£2)
Velocity Ratio
Attenuation (dB/100m)
Outside dimensions (mm)
180 (72 MHz) 
0.67 (72 MHz) 
18 (72 MHz)
23 x 13
A more usual type of cable was used for the volumetric field 
investigation. It was a single coaxial cable (B.I.C.C. Type 
No. T3515) having a specification very similar to that above.
- 38 -
Each cable was in approximately 250 metre sections and 
joined with n-type connectors, to make up a 1250 metre length 
of feeder. They were supported in turn by plastic arms at 
2 metre intervals, 1.5 metres high and 0.15 metres from 
the wall.
A.8 TUNNEL DESCRIPTION
Ideal mine conditions were simulated by a long (1500 m), 
straight, disused railway tunnel having a uniform cross-section 
of approximate dimensions 3 metres wide by 4 metres high. 
Figs. 4.8 show the tunnel outline and an early view of the 
tunnel interior.
The tunnel environment was always cold and extremely 
damp. Depending upon the outside temperature the tunnel 
temperature was never higher than 10 degrees centigrade, 
even on a very hot summers day. The brick-lined walls 
were persistently damp and occasionally wet. Puddles of 
water were to be seen in places along the tunnel, particularly 
below the air vents in the roof.
The tunnel was void of all extraneous conductors 
including track.
- 39 -
vector
voltmeter
leaky feeder
voltage
phase
input
reference
input
Tx
well-screened coaxial cable
(a) linear field investigation
leaky feeder
ref.
input
active |
loop
antenna
remote
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11-screened coaxial cable _£>_________ SL________ Q_we
age
amp.
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phase 
volt. 
amp.
vector
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meter
(b) volumetric field investigation
FIG. 4.1 Schematic diagram of the instrumentation arrangements 
for the two tests.
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FIG. 4.7 The equipment in use at the near end of the 
feeder.
-  / [  )  -
(a) the tunnel outline
(b) an early view of the tunnel interior showing 
feeder supports and other equipment
FIG. 4.8 The disused railway tunnel.
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CHAPTER 5
DATA ANALYSIS
5.1 INTRODUCTION
1 2
The analysis necessary to recover the information* 
presented in Chapter 6, from the data is briefly explained 
below.
An I.C.L. 190F computer was employed to perform 
all the required calculations, particularly the repetitive 
ones, using the Algol 60 language. The graph-plotting 
facility linked to the computer was invaluable in presenting 
the information accurately and swiftly in a graphical form. 
Wherever possible subroutines from the Numerical Algorithms 
Group (N.A.G.) Library were used to aid programming.
5.2 INITIAL PROCESSING
The raw amplitude data, after conversion to decibels, 
was plotted against distance along the feeder to get an 
overall impression of its basic characteristics. The phase 
data was originally in a discontinuous form varying from 
-180 degrees to 180 degrees due to the limitation of the 
vector voltmeter. This was converted to the form of a 
continuously increasing phase, before plotting (Fig. 3.3), 
in order to compare it with the theory presented in Chapter 3 
and also to perform further analysis.
To determine the average attenuation constant and the 
average phase constant of the system it seemed permissible 
to insert the best straight line fits to the modified data.
- 47 -
This was accomplished using the method of least squares.
An added advantage of adopting this procedure was the case 
with which the phase variation could then be accentuated.
By removing the gradient from both sets of data it 
was possible to observe the true variations more clearly 
(Fig. 5.1). This aided analysis by removing a large d.c. 
component which would otherwise obscure any aberration 
which might be present.
5 •3 FOURIER TRANSFORMATION
The processed data was Fourier transformed using the 
Fast Fourier Transform subroutine. Since the effect of the 
transform is to resolve a set of data points into harmonic 
components of a fundamental it was felt that this type of 
analysis would elucidate any wavelengths of large amplitude 
associated with the leakage field. Both phase and amplitude 
underwent this operation to disclose any similarity which 
may exist. High resolution was achieved by using a large 
number of points, substituting zeros when the data set 
finished.
For instance, 2048 data points were input to the 
transform; up to 300 were from measurements the remaining 
being zeros. 1024 harmonics were thus realized. The ratio 
of adjacent wavelengths was
Xx = i + £
Xx + 1 H hx
where N was the number of input values, D was the number 
of data values and hx was the harmonic corresponding to 
the wavelength Xx . Hence, the greater the ratio of total 
points to data points the smaller the separation between
- 48 -
adjacent spectrum lines and the higher the resolution. The 
limit imposed on this ratio was governed by the available 
corestore of the computer of which maximum use was made 
with 2048 points.
With regard to the amplitude transformation, the 
analysis was performed on the logarithmic scaled data 
and the linear scaled data separately. This would 
highlight whether or not the original data comprised sums 
or products of periodic functions. For example, if there 
were grounds for suspicion that the data contained the 
product of two frequencies then the Fourier transform of 
the logarithmic amplitude would spectrally separate the 
two components while the linear transform would have 
convolved them into obscurity.
Fig. 5.2 shows the Fourier transform of the theoretical 
data from Chapter 3.
5.4 CORRELATION
The convolution subroutine was employed to determine 
curves of auto-correlation and cross-correlation. The 
auto-correlation function would obviate any random 
standing-waves due to noise (in the general sense of 
imprecise measurements), thus revealing components of 
true standing-waves.
Cross-correlation was used to show up any features 
common to both the amplitude variation and the phase 
variation. To determine the repeatability of amplitude 
measurements the cross-correlation function of different 
data sets was plotted.
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CHAPTER 6
RESULTS - LINEAR FIELD INVESTIGATION
6.1 INTRODUCTION
The linear field investigation examined the amplitude 
and phase variations of the electric field along the tunnel, 
parallel to the leaky feeder.
These tests employed the transmitter as the mobile 
unit. Its antenna was maintained nearly vertical, primarily 
because this would be its normal orientation when in mass 
use. Vertically polarized propagation was, thus, stimulated 
at a frequency of 72.375 MHz .
The effect of the reference cable, connecting the 
transmitter to the vector voltmeter, was minimised by 
keeping it as far away as possible from the leaky feeder 
and coiling it occasionally to introduce a random phase 
shift. Throughout these tests, the leaky feeder employed 
was of the twin coaxial type described in section 4.7 .
Fig. 6.1 shows a scaled down cross-section of the 
tunnel with the leaky feeder and reference cable marked 
appropriately. The transmitters, designated 1 and 2, are 
in the relative position for the tunnel propagation and 
leaky feeder propagation tests, respectively.
6.2 TUNNEL PROPAGATION
An examination of the propagation within the tunnel 
was essential in order to determine the tunnel characteristics
- 52 -
and the effects, if any, this would have in the later tests.
For this examination it was necessary to measure the 
voltage induced in a vertical antenna, positioned mid-way 
between the walls of the tunnel, as the transmitter progressed 
along the centre of the tunnel with 1 metre increments. The 
leaky feeder and reference cable were present but no physical 
connection was made to the former.
The resulting amplitude and phase distributions 
obtained using this arrangement were probably a hybrid of 
waveguide mode, single-wire mode and bifilar mode effects.
Fig. 6.2a is fairly representative of the amplitude 
and phase variations recorded. The very high attenuation, 
greater than expected, showed that signal propagation 
outside the leaky feeder was extremely limited. This was 
most likely due to the loss in the tunnel walls.
Also of importance was the linear phase change whose 
best straight line fit indicated a phase constant of 
approximately 71 degrees/m . This revealed a predominant 
mode of propagation having a phase velocity greater than 
that of light, in fact a velocity ratio of 1.2 . It is 
probably accounted for by the waveguide mode of the tunnel.
With the vertical antenna used, the mode was excited
and the dimensions of the tunnel (assumed rectangular and 
perfectly conducting) indicate a velocity ratio of 1.3 .
Using the experimental value for velocity ratio a 
standing wavelength of 2.5 m was calculated which agrees 
,with a small peak in the Fourier transform curve of Fig. 6.2c . 
The large peak in the amplitude spectrum shows evidence of 
a long standing wave emphasized by the significant drop-outs 
in Fig. 6.2b .
- fj3 -
6.3 LEAKY FEEDER PROPAGATION
Figs. 6.3 to 6.8 show a small selection of the 
results obtained when receiving directly from the bi­
coaxial leaky feeder. In the following tests the trans­
mitter was mobile and incremented at 1 metre intervals 
(except for the results of figures suffixed "d" which 
were 0.5 metre intervals) parallel to the feeder and 
approximately 1 metre from it. Suffixes a, b, c and d 
refer to four different sets of data so that the complete 
analysis of each data set can be followed through.
6.3.1 Amplitude and Phase (Fig. 6.3)
The overall average attenuation (best straight 
line fit) was 4.6 dB/100 m with a standard deviation 
of 1.4 dB/100 m .
The phase constant in all cases bar two was 
106 degrees/m; in the two exceptions 104°/m was 
obtained probably because the run was too short to 
get a true phase gradient. However, the consequent 
velocity ratio was 0.82 , four percent smaller than 
the measured valued, perhaps due to manufacturing.
6.3.2 Deviation from Mean Gradient (Fig. 6.4)
The mean amplitude deviation from the best straight 
line seemed to be less than 6 dB generally, whilst the
peak deviation encountered was -15 dB . Randomness
seemed to prevail in most of the amplitude traces except 
Fig. 6.4d where a short standing-wave was clearly evident.
For this graph measurements were recorded at 0.5 m intervals
- 54 ^
rather than 1.0 m to ensure good reproduction of 
the true voltage distribution. The recordings made 
at 1.0 m intervals were probably distorted because 
the standing wavelength was slightly shorter than 
two intervals.
The phase variation was quite remarkable in that 
all traces portraying the deviation were almost 
identical. A large (in both amplitude and wavelength) 
standing-wave was dominant with a small standing-wave 
superimposed. The larger standing-wave was initially 
thought to be a result of mode interaction as predicted 
by the theory in Chapter 2.
6.3.3 Fourier Analysis (Fig. 6.5)
On the whole the Fourier transforms of the 
amplitude deviations show a conglomeration of 
frequencies contained in the distributions. Figs. 6.5a 
and 6.5b reveal predominantly long wavelengths whilst 
Figs. 6.5c, and 6.5d reveal shorter standing-wavelengths 
also. It is these extremes which are of direct importance 
since they are governed by the sums and differences of 
the phase constants of the coupled modes.
The Fourier transforms of the phase deviations are 
somewhat subdued due to the presence of the large ampli­
tudes of very long wavelength. In most of the results 
this predominates masking any other notable wavelength 
which may be relevant. However, each set of data shows 
the wavelength of the large variation to be inconsistent, 
ranging from 140 metres to 205 metres . Maybe this 
was due to the wetness of the walls changing the waveguide 
velocity. Also significant is the fact that this wavelength 
is not always featured in the amplitude transforms.
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If coupling existed between the tunnel mode 
(Bt = 71 deg./m) and the coaxial mode (Be = 106 deg./m) 
then the standing-waves predicted would have wavelengths 
of
•\ _ 360 0A, = -r-r— —■ m = 2.03 m1 Bt + Be
The longer wavelength is not well defined in any 
of the results, as can be seen from the graph markings, 
whereas a close approximation to the short wavelength 
is very prominent especially in Figs. 6.5c and 6.5d . 
Appendix 1 lists the predicted standing-wavelengths 
due to mode reflection and mode coupling and these 
values are indicated in Fig. 6.5 .
For completeness it should be noted that a 3% 
uncertainty in B^ and Be will lead to a 15% 
error in determining the longer wavelength, , and 
a 3% error in A^ . These limits are also marked 
on the graphs.
6.3.4 Auto-Correlation Analysis (Fig. 6.6)
The curves in Fig. 6.6d describe the auto­
correlation functions of phase (upper graph) and dB 
amplitude (lower graph) of Figs. 6.4a to 6.4d, 
respectively.
The shorter standing-waves of the dB amplitude 
deviation seem to be largely correlated due to the 
noticeable high frequency present on the auto-correlation 
curves of amplitude.
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On the other hand, the auto-correlation of the 
phase deviation sometimes exhibits a prominent standing- 
wavelength (Fig. 6.6d) while at other times there exists 
a small or insignificant ripple.
6,3.5 Cross-Correlation Analysis
Phase-amplitude (Fig. 6.7)
The cross-correlation function of phase and amplitude 
shown in Fig. 6.7a emphasises the resemblance of the long 
standing-waves observed in Fig. 6.3a . This is very en­
couraging but, unfortunately, it is not repeated in the 
majority of data. However, a strong correlation is 
observed in Fig. 6.7c which is not obvious from inspection 
of the relevant data (Fig. 6.3c).
Fig. 6.7d shows extremely good correlation of the 
short standing-waves of the curves in Fig. 6.3d.
Phase-phase (Fig. 6.8 upper)
The cross-correlation of two sets of phase data 
shows little correlation of the short wavelengths and 
very strong correlation of the long wavelengths. The 
former point confirms the presence of random variations 
in the system, such as transmitter power variation, 
inaccurate readings, etc.
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Amplitude-amplitude (Fig. 6.8 lower)
In Fig. 6.8 lower, the high ripple content in the 
cross-correlation function of two sets of amplitude 
data can be observed. This indicates a similarity in the 
periods of the short standing-wave signifying that it 
was not totally noise.
6.4 DISTANCE LOCATION
The relative phase variation between the signals received 
at each end of the leaky feeder is shown in Fig. 6.9a. The 
average gradient is seen to be approximately 213 degrees/metre 
which is, within experimental error, double the gradient 
obtained previously, as expected.
This basically linear phase change with distance along 
the tunnel can be employed as a means of locating a remote 
transmitter, provided the unit is transmitting continuously 
from a specified reference position.
The maximum error in distance is obtainable from Fig. 6.9b 
which shows the phase deviation from a linear phase change.
This amounts to a maximum of approximately +180 degrees if 
the near end effect is ignored. At a transmitter frequency 
of 72 MHz and a feeder velocity ratio of 0.85 the distance 
uncertainty is less than 2 metres .
In these experiments the transmitter to feeder distance 
was 0.3 metres in order to get a sufficiently strong signal 
from one end of the leaky feeder to drive the vector voltmeter 
reference input.
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6.5 DIRECTIONAL DIVERSITY RECEPTION
Directional diversity may be achieved, when using 
the leaky feeder in the receive mode, by monitoring the 
signal levels at each end of the feeder. Initial results 
for this form of reception are shown in Fig. 6.10a where 
the upper curve is the voltage received at the near end.
The significantly lower amplitude received from the far 
end was due to the greater distance involved.
Also notable is the much smaller amplitude of standing 
waves and drop-outs in the upper trace compared to the 
lower trace. This is perhaps due to too large an interval 
between adjacent measurement positions tending to smooth 
out the actual variation of signal level. The interval was, 
in fact, 1 metre.
However, many drop-outs from each end seem to coincide, 
only the depth of these corresponding drop-outs appears to 
be different. Perhaps this is again due to insufficient data 
points; or perhaps the two waveforms have a high degree of 
correlation.
Fig. 6.10b shows the diversity gain. It is a normalized 
amplitude in so far as it is the voltage variation from the 
mean gradient which is considered, not the absolute voltage. 
Thus, the modulus of the excess of these amplitude variations 
from their respective mean gradients gives a true indication 
of the diversity gain due to drop-outs.
The average diversity gain is most important in the 
vicinity of large drop-outs. The short arrows in Fig. 6.10b 
show the positions of drop-outs greater than 8 dB and it 
is clearly seen that at these points the diversity gain can 
be quite large, in fact, between 2.5 dB and 18 dB ,
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Thus, this form of diversity does have possibilities 
although it is limited to leaky feeder reception.
6.6 DISCUSSION
The weather conditions for several weeks preceeding 
the ’tunnel propagation’ tests had been warm and dry 
resulting in the tunnel walls being in their least damp 
state. Now, the single-wire mode and the waveguide mode 
have attenuations determined primarily by the conductivity 
of the surrounding conductor. Thus, the relative dryness 
of the walls was probably a major contributing factor to 
the high average attenuation of 75 dB/100 m since the 
frequency used was well above cut-off. The measured bifilar 
mode attenuation of the bifilar coaxial cable was only 
18 dB/100 m signifying that this mode was not well excited 
during these tests.
With vertical antennas , waveguide theory predicts 
an excited T.E.  ^ mode which has a calculated phase 
velocity ratio of 1.3 , assuming a perfectly conducting
rectangular waveguide having the dimensions of the tunnel.
The closeness of this value to that of 1.2 , obtained
using the experimental value of 71 degrees/m for the 
phase constant, indicates the dominance of the waveguide mode. 
Also substantiating this evidence is the fact that the 
velocity is greater than that of light which is true only 
for a waveguide mode.
The most significant result to emanate from the 
experiments was the long wavelength, large amplitude 
standing-wave observed in the curves of phase deviation 
from the mean gradient. All the relevant traces examined 
revealed this phenomenon, but repeated tests showed that
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the wavelength varied between the limits 140 metres to 
205 metres . Maybe the wetness of the tunnel walls played 
some part in affecting a propagation velocity to account 
for this inconsistent wavelength.
This phenomenon is difficult to understand since such 
a long standing-wavelength does not correspond to any known 
interacting modes. In fact the responsible modes would 
require a velocity ratio difference of approximately 2% 
to account for this outstanding feature. They must also be 
of significant strength.
The only known modes having velocity ratios so close 
are the two coaxial modes. Assuming a manufacturing tolerance 
of, say, 2% the coupling of these two modes may account for 
the phenomenon. This possibility is unlikely, though, since 
their coupling is so very weak.
However, a 4% variation in velocity ratio along the 
coaxial cable used would also result in a similar phenomenon. 
This is probably a more realistic cause since it is quite 
possible, during coaxial cable manufacture, to effect slight 
adjustments to the production machinery; for example, altering 
the braid wire tension during the braiding process. If these 
adjustments in any way change the dielectric thickness then a 
change in velocity ratio will result, giving rise to the 
small deviation in phase.
A second plausible reason for the variation from linear
phase is due to the hanging of the feeder, since this, in
. i .effect, modifies its velocity ratio. Estimates have been made 
of the amount of sag between supports and how this changes 
with distance. The measurements obtained indicates a high 
correlation between the phase variation and the cable hang.
In fact the phase constant, after adjustment becomes 
104 degrees/metre . This corresponds to a velocity ratio
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of 0.83 , 2% lower than that measured in the laboratory 
and almost 5% lower than the manufacturers specification.
On the other hand, the amplitude variation shows no 
such corresponding long standing-wave. It does, though, 
reveal many short standing-waves of somewhat random 
amplitude. The Fourier analysis shows that the amplitude 
variation contains standing-waves of various wavelengths,
‘the most significant of these being generally of longer 
wavelength, greater than 10 metres .
However, some graphs show significant detail of short 
standing-waves apparently due to mode reflection or mode 
coupling or both. The known causes and corresponding periods 
of the resulting standing-waves are listed in Appendix 1 
and are also shown on the frequency spectrums, Fig. 6.5; 
they lie in the range 1.4 metres to 2.5 metres . Of 
particular significance is the standing wave having a period 
of 2.02 metres . This is very prominent on most of the 
traces computed and seems to be due to the interference 
between the tunnel mode and the coaxial mode, since the 
calculated beat wavelengths, using the experimental values 
of velocity ratio, are 10.3 metres and 2.03 metres . The 
longer wavelength is not so prominent and several peaks in 
the spectrum lie within the experimental error limits of 
±15% .
Furthermore, these wavelengths are not so well defined, 
on the whole, in the Fourier transform of phase deviation. 
Nevertheless, most wavelengths do exist but are extensively 
subdued because of the large standing-wave.
Comparison of the spectral analysis curves for phase and 
amplitude shows that the peaks and troughs do not generally, 
correspond; only the more prominent, usually short wavelength, 
peaks seem to be common and it is these which are probably
- 62 -
caused by reflections and mode coupling. Many wavelengths 
are also revealed which cannot be accounted for; perhaps 
these inexplicable occurrences are, to a large degree, due 
to randomness and noise in the measurements.
The existence of noise in the measurements is confirmed 
by the correlation analyses. These show that some randomness 
is always present and appears more severe in the phase data 
since these autocorrelate to fairly smooth curves. The 
randomness in the amplitude measurements is rather difficult 
to assess objectively but it seems well correlated to that 
in the phase measurements.
The relative phase change between the leaky feeder 
ends shows excellent prospects for distance location as 
outlined in subsection 2.3.2. A resonably linear phase 
variation with distance was obtained except for the 
deviation close to the near end which was probably caused 
by feeder end effects.
On close examination of the data a variation of long 
period is discernible. It seems to originate from the 
feature discussed previously and has a peak deviation of 
approximately 180 degrees , equivalent to a distance 
uncertainty of 1.7 metres in a system similar to the 
test arrangement.
If the long periodic phase variation is due to the 
feeder hang between supports then an improved method of 
mounting will reduce the distance uncertainty. This may 
be achieved either by minimising the sag in some way or 
by adjusting the sag to be of equal depth between each 
pair of supports throughout the length of the feeder. If 
the sag can be completely removed then the distance 
uncertainty will be reduced to less than 0.5 metres .
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For useful diversity reception the variations in 
voltages received at each end of the leaky feeder should 
show low correlation. This means that if the voltage 
received at one end of the feeder is near a null then 
the voltage at the other end should desirably be near 
a peak. The results obtained show that this is sometimes 
true but occasionally a minimum value is received at each 
end simultaneously. However, the diversity gain at these 
positions can be seen to be higher than average. This is 
due to the substantial difference in the depth of drop­
outs between each end.
The average directional diversity gain is approximately 
3 dB and at positions of drop-outs in excess of 8 dB the 
gain increases, where it is most required, to almost 18 dB .
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leaky feeder 
and supportTxl
Tx2
well-screened 
coaxial cable
FIG. 6.1 Tunnel cross-section showing relative positions of 
leaky feeder, transmitter(s) and reference cable.
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CHAPTER 7
RESULTS - VOLUMETRIC FIELD INVESTIGATION
7.1 INTRODUCTION
The volumetric field investigation examined the three 
orthogonal nH" (magnetic field) vectors in three-dimensional 
space. In the succeeding sections the resulting amplitude 
and phase variations are presented for a transmitter frequency 
of 72.375 MHz .
For repeatable aerial positioning during these tests 
a wooden frame was constructed and marked in a matrix 
fashion. The frame was supported in the plane of the cross- 
section of the tunnel and moved in discrete intervals towards 
the far end of the tunnel. In this way a three-dimensional 
matrix of amplitude and phase of the magnetic vector components 
was produced.
The photographs of Fig. 7.1 show the idea in practice.
For example, Fig. 7.1a shows the position of the aerial when 
the transverse "H" vector component at one matrix point was 
being measured. Great care was exercised in ensuring the aerial 
orientation was correct.
The active loop antenna was fixed at the end of a 
perspex rod to maintain a distance from a human operator 
of approximately 2 metres in order to disturb the field, 
in the vicinity of the aerial, as little as possible. This 
can be seen in Fig. 7.1 together with the ferrite rings 
used to impede any currents in the coaxial cable braid to 
reduce undesirable pick-up.
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The leaky feeder employed for these tests was of 
the usual type and described in section 4.7. It was 
positioned in place of the bicoaxial feeder which was 
previously removed. The other two cables were kept close 
to the opposite wall and coiled occasionally to minimise 
pick-up. In order to estimate the effect of the coaxial 
cable, carrying the signal from the antenna, it was shifted 
around at random near the aerial. The subsequent changes 
in meter readings are mentioned later, in section 7.7. The 
proximity effect of one’s person to the antenna is also 
given.
7.2 SECTIONS THROUGH THE TUNNEL
The following graphs, Figs. 7.3 to 7.6, show the 
phase and amplitude variations in different planes. Each 
figure suffix refers to a plane in the tunnel as indicated 
in Fig. 7.2 .
7.3 LONGITUDINAL f,H" VECTOR VARIATION (Fig. 7.3)
7.3.1 Phase Fronts
The phase fronts of the longitudinal "H" vector 
component appear to.be approximately parallel, although 
the spacing between adjacent fronts is rather varied. 
This latter observation usually indicates standing 
waves where wide spacing of fronts corresponds to 
peaks in the field strength and close grouping 
corresponds to nulls or minima.
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The fronts are also seen to be included to 
the feeder at some angle which diminishes as the 
feeder is approached (Figs. 7.3f and 7.3g). This, 
coupled with the fact that the phase fronts also 
bend near the tunnel walls (Fig. 7.3d) indicates 
propagation into the tunnel walls.
Although not drawn in detail, Fig. 7.3c shows 
the spread in phase fronts as the successive planes 
recede from the feeder. It is a fact that these, 
fronts lose their curved shape and tend towards 
straight lines away from the feeder showing that 
propagation is mainly along the tunnel.
.3.2 Field Strength
The amplitude contours in Fig. 7.3a indicate 
the presence of mode interference by producing an 
amplitude variation along the tunnel synonymous with 
standing waves. These standing waves can be clearly 
seen in Figs. 7.3b and 7.3c.
Fig. 7.3c shows the variations in standing waves 
with transverse distance from the feeder. The inter­
esting feature here is that close to the feeder and 
far away from the feeder the standing wave amplitudes 
are small, but between these extremes the standing 
wave amplitudes are much larger. This supports the 
theory of two propagating modes with different 
velocities since, close to the feeder the coaxial 
mode predominates, yet, far away from the feeder the 
tunnel mode predominates, hence small standing waves. 
Between the two, where the mode amplitudes are similar, 
larger standing waves are observed.
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The rate of decay of field strength away from 
the feeder, that is, transversely across the tunnel, 
is shown in Figs. 7.3 a, e, f and g. The decay rate 
appears to be an inverse law of radial distance and 
very approximately
Amplitude oc (distance) 1,5
The index has extreme values of -1.0 and 
-2.0 with -1.5 being the norm.
7.4 TANGENTIAL "H" VECTOR VARIATION (Fig. 7.4)
The tangential vector component was not meausred, 
it was resolved using the vertical and transverse vector 
components.
7.4.1 Phase Fronts
All that was stated in the precious section 
applies equally well to the phase front variation 
of tangential nHu vector component.
However, some features are emphasized to a 
greater or lesser extent. For instance, the bending 
of the phase contours close to the tunnel walls is 
shown explicitly in Fig. 7.4d .
7.4.2 Field Strength
The main feature in the graphs of field strength 
variation is the almost complete lack of standing
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waves, especailly in the horizontal plane of the 
feeder, Fig. 7.4c . Of course, this is not a true 
representation of the whole tunnel as demonstrated 
by Figs. 7.4b and 7.4f . These show that above, and 
also below, the height of the feeder standing waves 
do exist but are much smaller than in the previous 
polarization.
The rate of amplitude decay away from the 
feeder follows a very similar law to that of the 
longitudinal vector component.
7.5 VERTICAL "H" VECTOR VARIATION (Fig. 7.5)
Again, everything stated previously is applicable to 
the vertical ,!Hf1 vector component. Since the corresponding 
curves are very similar to the tangential vector component 
the reader is directed to section 7.4 for an account of 
the different graphs.
7,6 TRANSVERSE ,fHM VECTOR VARIATION (Fig. 7.6)
7.6.1 Phase Fronts
A rather complicated pattern of phase fronts 
exists in the transverse "H" vector component which 
is shown as accurately as possible in Fig. 7.6 . The
most probable explanation for this is a discontinuity
in the boundary where modal regeneration is maximum. 
However, no physical variations within the tunnel were 
found to account for this phenomenon.
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7.6.2 Field Strength
The large standing waves, of amplitude in 
excess of 30 dB ,•support the theory of severe 
modal interference. This is not conclusive since 
reflection due to damage in the feeder may be 
responsible; however, this seems unlikely since 
the phenomenon exists in this polarization only 
and there was no visible evidence of feeder 
deformity.
7.7 DISCUSSION
The results show the phase fronts to be almost 
perpendicular to the leaky feeder in the centre of the 
tunnel and bending in towards the transmitter close to 
the feeder. It was also found that a reversal in the 
direction of propagation, by placing the transmitter 
at the far end, produced a corresponding change in the 
curvature of the phase fronts near the feeder. This shows 
that the contour shape is not, to a first approximation, 
a function of the physical features of the tunnel wells.
The phase front bending is also emphasised in the 
curves in the semi-cylindrical plane indicating that this 
bending is probably due to the effect of the tunnel walls 
rather than the leaky feeder. Moreover, propagation is 
perpendicular to the phase fronts and their curvature is 
evidence of power flow into the tunnel walls to overcome 
losses.
I
Thus,the phase front curvature is perhaps entirely 
dependent on the composition of the tunnel walls and on 
the direction of propagation within the leaky feeder. This
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may account for the small variations observed in field 
distribution from day to day since the walls may be in 
different degrees of wetness.
Close inspection of the phase front spacings in 
each plane shows that they are sometimes rather varied.
This usually signifies some form of standing-wave in the 
amplitude distribution where peaks correspond to wide 
phase front spacing and nulls or minima correspond to close 
grouping. This correlation is, in fact, noticed in some of 
the planes.
Also significant in the longitudinal "H11 vector 
field strength is the varying standing-wave amplitudes 
with transverse distance from the feeder. Fig. 7.3c shows 
that close to the feeder and far away from the feeder 
these amplitudes are relatively small. Whereas, at inter­
mediate positions the amplitudes are much larger. This can 
be explained if one imagines two separate modes of pro­
pagation; one supported by the tunnel and strongest in 
the centre of the tunnel, but with high attenuation constant, 
and a second supported by the leaky feeder. Within these 
two sectors standing waves are small since one mode pre­
dominates. However, at intermediate positions, where the 
modes are of similar strength, modal interference and 
regeneration causes the standing waves to increase in 
amplitude, to approximately 15 dB .
In contrast, the vertical "H" vector component 
supports very small standing waves. This again implies 
that the standing waves observed are due to interference 
between two or more modes which have common polarizations. 
Mode reflection, on the other hand, would generate standing 
waves in all polarizations, especially if the reflection 
occurred within the leaky feeder.
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The significance of the strange phase behaviour 
of the transverse f,Hn vector component is not yet fully 
understood but, this may be the polarization where the 
majority of mode conversion exists in this particular 
system arrangement. It is difficult to imagine that the 
phenomenon is due to measurement errors since all the 
phase fronts are reasonably consistent. The enormous 
standing wave amplitudes substantiate these curious phase 
patterns and the existence of severe modal regeneration.
As mentioned in section 7.1 the effect of the 
antenna connecting cable on the field measurements was 
examined. This was achieved by continuous monitoring of 
the meters whilst the cable was moved around randomly in 
the vicinity of the aerial. No observable change in 
instrument readings resulted, indicating that the field 
structure was influenced to a minimal extent by the 
presence of the antenna cable. Also assessed was the 
proximity effect of one's person to the antenna. It was 
noted that outside a radius of 0.5 metres from the 
aerial there was no change in readings. However, as one 
approached the aerial closer then the instruments began 
to fluctuate. A similar effect was noticed in the laboratory 
where it was then attributed to a change in antenna tuning 
due to the increase in capacitance by a person1s approach.
The overall uncertainty in recorded measurements was 
3 dB and 8 degrees for amplitude and phase, respectively.
The effect of the presence of the plastic feeder 
supports could not be evaluated easily, although they 
appeared sufficiently small to have had very little effect 
on the field distribution.
- 99 -
Unfortunately, no reliable measurements of standing 
wavelength can be assumed from these results, making it 
impossible to conclude their origin. However, from 
observation it appears that the period lies between 1.5 
metres and 2.0 metres . Thus, if one mode has a velocity 
ratio of 0.87 (coaxial feeder mode) then the second mode 
has a velocity ratio in the range 0.6 to 1.1 . The 
possible known modes, having this constraint, which could 
be responsible for such standing-wavelengths are the tunnel 
mode and the single-wire mode. Now the former mode was 
mentioned earlier in this repsect and, therefore, seems 
the more likely candidate. Feeder supports may contribute 
to the effect since they are periodically spaced, approxi­
mately 2 metres apart, thus falling into the above 
category. Moreover, the standing-wavelength due to reflected 
feeder propagation also falls within this range and cannot, 
therefore, be dismissed completely, although no reason, e.g. 
feeder deformity, has been found for its presence; even 
the feeder end termination was several hundred metres distant.
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(a) transverse "H" vector measurement
(b) vertical "HM vector measurement
FIG. 7.1 Antenna and frame in use in the tunnel.
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length of all planes is 
1.2m along tunnel from 
120.0m positiona,—
Leaky feeder
Tunnel outline
Leaky feeder
a --  horizontal plane through leaky feeder.
b --  vertical plane 1.10m from leaky feeder.
c --  successive vertical planes of 60cm to 185cm from
leaky feeder.
d --  semi-cylindrical plane 1.00m radius from leaky feeder.
e --  vertical plane of cross-section at 120.0m along tunnel.
f --  radial plane through leaky feeder and inclined at
30 degrees to horizontal.
g --  radial plane through leaky feeder and inclined at
60 degrees to horizontal.
FIG. 7.2 Positions of various Planes of View.
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CHAPTER 8
DISCUSSION
8.1 GENERAL COMMENTS
The high attenuation of the tunnel mode, irrespective 
of the presence of other conductors, is mainly due to the 
lossy walls. This is also true for the single-wire mode 
since this propagates between the feeder braid and the 
tunnel walls. Now, the different degrees of wetness of 
these walls could be responsible for the change in field 
distribution, from day to day, noted by some researchers.
An implication of the high attenuation rate of the 
two modes is the need for frequent mode regeneration. On 
the one hand the mode conversion could be continuous since 
the modes must couple by virtue of their being lossy. Alter­
natively they can couple by frequent small discontinuities 
such as feeder hang and supports and inhomogeneities in the 
tunnel walls. Perhaps the largest discontinuities are the 
observer and the measuring aerial itself. The former has, 
however, been eliminated, to some extent, as a possible 
cause by the relevant tests conducted; nevertheless his 
presence anywhere within a distance of 10 metres from the 
antenna could give rise to a considerable discontinuity.
It now seems reasonable to assume that the standing 
waves are not caused by mode reflections but by the mode 
conversion discussed above. The argument here is that an 
obstacle in the tunnel will cause greater mode conversion 
than mode reflection if its size is not too large. Also a 
reflection will promote standing waves in all polarizations, 
but the results show some magnetic vector components having
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negligible stationary waves. This indicates that the 
standing waves are due to the interaction of modes which 
have common polarizations, with the standing waves being 
observed mainly in these common polarizations. For instance, 
the strange phase behaviour and extremely large standing 
wave amplitudes recorded in the transverse component of 
the magnetic field vector show that this is probably the 
polarization where the majority of mode conversion exists.
No evidence of cable damage or termination was found 
to suspect a reflection occurring within the leaky feeder.
In any event this would have given rise to standing waves 
in all polarizations.
With the leaky feeder in use, the phase constant along 
the tunnel was that of the feeder - a linear phase change 
with distance. This relationship seems ideally suitable 
for determining the position of a remote transmitter some 
distance along the tunnel. If the mobile radio is trans­
mitting continuously from its starting point, a reference 
position, then the change in phase, which could be counted 
in cycles, will be directly proportional to the distance 
from the reference. Certain precautions would need to be 
taken to minimise the possibility of losing the signal by, 
for example, moving too far from the feeder or inadvertently 
switching off the unit.
This approach could consume a great deal of battery 
power and an alternative method should be used if possible. 
One idea is to "home-in" on the position by transmitting 
successively higher frequencies until the desired positional 
accuracy is achieved. The lowest frequency could be chosen 
to give a first approximation of position without ambiguity. 
Such a low frequency could be a modulation of the carrier.
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Although the positional accuracy increases with 
transmitter frequency there must be some limit other 
than meter resolution. The limitation is dictated 
primarily by the curvature of the phase fronts, by 
the feeder hang between supports and by the randomness 
in the phase measurement.
The effect of the curvature in the phase fronts 
would be to increase the positional uncertainty as 
the mobile transmitter recedes from the leaky feeder 
and also as it moves higher and lower from the feeder 
height. At 72 MHz the error involved seems to be 
approximately 0.5 metre .
The variation of depth of feeder hang between j
. i
supports can be responsible for a much larger error, \
possibly greater than 1.5 metres . This can be reduced
either by minimising the sag by tensioning the feeder
or by ensuring an equal depth of hang between adjacent
pairs of supports. The latter method will slightly j
modify the resulting phase constant since more feeder
is used for a given distance.
Distance errors due to the randomness in measurements 
may be less than 0.5 metre , but the proximity effect of 
other workers or of metallic objects is not easily 
assessable since it depends so much on their size and 
closeness.
The effect of a repeater on the phase progression 
has not been investigated but it is likely to produce 
an error similar to the near end effect, which was of 
several metres.
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The choice of polarization should be a matter for 
deliberation. Some vector components exhibit a high field 
strength or a fairly perpendicular phase front whilst 
others do not. For instance, it would be absurd to choose 
the transverse nHn vector component because of its odd 
phase front shape, low field strength and deep drop-outs. 
An antenna oriented to the vertical "H" vector component 
would be far superior.
Directional diversity gain is approximately 3 dB on 
average and rising up to 15 dB higher at positions of 
significant drop-outs. At some of these positions the drop­
outs measured at each end of the feeder seem to coincide; 
but the rather strange fact is the variations seem more 
severe from one end than from the other end. Perhaps this 
is due to too large a distance interval between measurement 
positions making the interpretation ambiguous. This point 
is pursued in section 8.2 .
Taken overall, the measurement errors seem to be 
rather small as suggested by the consistency of the data 
accumulated. The total uncertainty in the phase and 
amplitude measurements was estimated as 8 degrees and 
3 dB , respectively. The stability of the measurements 
was also good as verified by readings which, after re­
peating later in the day, remained within the uncertainty 
limits quoted.
The uncertainty in the distance interval between 
measurement positions was estimated as ±5% for the 
linear field investigation and approximately ±2% for 
the volumetric field investigation. The latter figure was 
achievable by the aid of the framework and the care 
taken to erect it as accurately and as squarely to the 
tunnel wall and to the vertical as possible.
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To minimise the unwanted pick-up within the reference/ 
return coaxial cable, due to the incidental coupling of the 
field, a random phase shift was introduced by coiling the 
cable occasionally. However, the effect of the presence of 
the braid conductor on the field distribution could be 
reduced only by keeping it well away from the leaky feeder. 
The sensitivity of the field to this coaxial cable in the 
vicinity of the aerial was assessed to be extremely low.
In fact, random movement of this section of cable produced 
no significant change in meter readings.
8.2 SUGGESTIONS FOR FURTHER WORK
It is quite clear now that the amount of data recorded 
in the volumetric field investigation was insufficient.This 
is emphasized by the difficulty to measure accurately the 
period of a standing wave. But it is the maximum achievable 
in one hard day*s work; to continue in the following day 
may possibly give rise to slightly different results due 
to environmental changes, human factors, etc. A better 
approach would be to concentrate on measuring the field 
in one polarization each day, completing as long a run as 
possible in order to observe at least two periods of 
standing waves.
This research should be continued using a different 
frequency, perhaps 85 MHz , to provide conclusive evidence 
that the standing waves are due to mode conversion rather 
than reflection or the physical features within the tunnel. 
The adoption of a small loop antenna would also be in 
order, especially in regions of large amplitude gradients 
and phase gradients as observed in the transverse field 
component.
- 133 -
An examination of the phase variation along a leaky 
feeder containing a repeater is the next logical step with 
regard to remote transmitter location. This will determine 
whether the location range is to the extreme end of the 
feeder or whether it is limited to the section between 
repeaters. A prototype distance measuring unit would be 
useful if only to verify that it is a practical possibility.
The question of reliability of the method of obtaining 
results for the directional diversity test arose in section 
8.1. It should be emphasized that this was only a preliminary 
investigation and many more sets of data will be required 
to fully establish the advantage of this type of diversity. 
However, to preclude the ambiguity of discrete measurements 
of amplitude a continuous trace would seem preferable. This 
is best achieved with a chart recorder to monitor the 
voltages at each end of the feeder. The continuous traces 
will reveal all the minute detail not previously seen and 
simplify the comparison process to determine whether the 
drop-outs occur simultaneously at each end. The recording 
can be carried out much quicker than discrete measurement 
because distance information is not really necessary.
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APPENDIX 1
The known bifilar coaxial feeder modes are listed below 
with their measured parameters. Standing-wavelengths due to 
mode reflections and mode coupling are give for comparison 
with the fourier transform'curves, Fig. 6.5.
Mode Velocity
Ration
Standing-
Wave
2m
Phase 
Constant 
deg./m
Attenuation
dB/100m
free space 1.0 2.08 86
waveguide
(tunnel)
1.2 2.5 71 80
Single-wire 1.0 2.08 86 80
(approxi­
mately)
bifilar 0.67 1.4 129 18
coaxial 0.83
(average)
1.73 102 5
Coupled Modes Standing wavelengths, m
waveguide/coaxial 
waveguide/bifilar 
bifilar/coaxial
11.2 2.04 
6.4 1.8 
14.7 1.55
